To assess the functions of the three human MutT-type enzymes, MTH1, MTH2, and NUDT5, mutation induction by an oxidized form of dGTP, 8-hydroxy-2'-deoxyguanosine 5'-triphosphate (8-OH-dGTP, 7,8-dihydro-8-oxo-2'-deoxyguanosine 5'-triphosphate), was examined using human 293T cells treated with their specific siRNAs. Shuttle plasmid DNA containing the supF gene was first transfected into the cells, and then 8-OH-dGTP was introduced by means of osmotic pressure. Escherichia coli cells were transformed with the DNAs replicated in the treated cells.
GC Duplex was used as a control siRNA (Invitrogen). The pZ189-StuI plasmid was constructed in our laboratory [11] . The E. coli strain KS40/pOF105 [25] was provided by Dr. Tatsuo Nunoshiba, of
International Christian University, and was used as an indicator strain of the supF mutants.
Mutagenesis experiments
293T cells (3 X 10 4 cells) were plated into 24-well dishes and were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum, at 37°C under a 5% CO 2 atmosphere for 24 hr. siRNAs (7.2 pmol each) were mixed with Lipofectamine (Invitrogen) and introduced into the cultured 293T cells according to the supplier's recommendations. In the triple knock-down experiment, an siRNA cocktail (MTH1; 3.6 pmol, MTH2; 7.2 pmol and NUDT5; 3.6 pmol) was used.
After 24 hr, the pZ189-StuI plasmid (58 fmol, 200 ng) was mixed with Polyfect (Qiagen, Hilden, Germany) and transfected into the cultured 293T cells according to the supplier's recommendations. After 24 hr, 
Statistical analysis
Statistical significance was examined by the Student's t-test. Levels of P<0.05 were considered to be significant.
Results

Knock-downs of MutT-type enzymes enhanced the induced mutations
Recently, we introduced 8-OH-dGTP into human cells and found that it specifically induced A:TC:G transversion mutations [11] . We first examined the effects of the single knock-down of MTH1, MTH2, and NUDT5 by siRNAs. These knock-downs were measured by quantitative RT (reverse transcription)-PCR ( Table 1 ). The treatment with siRNA reduced the amounts of mRNAs encoding these MutT-type proteins.
When unmodified dGTP was introduced by means of osmotic pressure, the observed supF mutant frequency was ~1 X 10 -4 in the cells treated with the control siRNA ( The overall distributions of the mutations were unchanged by the knock-downs, as shown in Supplementary Tables 1 and 2 .
Effects of the triple knock-down of MutT-type enzymes
We next examined the effects of the triple knock-down of MTH1, MTH2, and NUDT5. These knock-down was measured by quantitative RT-PCR (Table 4) . Lower amounts of siRNAs were used for MTH1 and NUDT5 in the triple knock-down experiment, because of toxicity, and the efficiency of the mRNA reduction was lower than those in the single knock-down experiments. Again, the triple knock-down of these proteins did not affect the background mutant frequency in this experimental system (~1 X 10 -4 , Fig. 2 ).
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The triple knock-down enhanced the mutant frequency induced by 8-OH-dGTP (~4 to ~7 X 10 -4 , Fig. 2 ). The enhancement was more evident for the triple knock-down than for the single knock-downs ( Figs. 1 and 2 ), although the mRNAs of each MutT-type enzyme were more abundant in the former case than in the latter (Tables 1 and 4 ). Again, 8-OH-dGTP specifically induced A:TC:G transversions ( Table 5 ). The overall distributions of the mutations are shown in Supplementary Table 3 . These results suggest that the three MutT-type enzymes exhibit mutually complementary roles in the elimination of 8-OH-dGTP from the nucleotide pool.
Discussion
The major objective of this study was to examine whether the human MutT-type enzymes, MTH1, MTH2, and NUDT5, actually function as nucleotide pool sanitization enzymes in living cells. These proteins were knocked-down in human cells, and 8-OH-dGTP was introduced into the knocked-down cells. As shown in Fig. 1 and Table 3 , the reduction in these proteins significantly increased the 8-OH-dGTP-induced mutations. The In addition, the knock-down of NUDT5 enhanced the mutagenicity of 8-OH-dGTP ( Fig. 1 and Fig. 1) , all of these MutT-type proteins could reduce the amount of 8-OH-dGTP present in the extract. Thus, 2-OH-dATP might inhibit the activities of these enzymes in the extract. In agreement with this speculation, 2-hydroxy-2'-deoxyadenosine 5'-diphosphate is a substrate for NUDT5 [24] . The hydrolyzing activity of MTH2 for 2-OH-dATP has not been reported, and further studies are necessary to address this possibility.
Nakabeppu and his colleagues reported that both the 8-OH-dGTPase and 2-OH-dATPase activities of MTH1 contributed to the suppression of H 2 O 2 -induced mitochondrial dysfunction and cell death [37] .
In addition, Rai et al. recently reported that the suppression of MTH1
expression in cells caused senescence [38] . The ability of the MTH2 and NUDT5 proteins to suppress the mutations induced by 8-OH-dGTP ( Fig. 1) suggests that they also could contribute to the suppression of ROS-induced cell death. Furthermore, the decreased expression of MTH1 in the CA3 subregion of the brain in Alzheimer's disease subjects [39] and the progressive decrease in MTH2 in the hippocampus of the senescence-accelerated prone mouse 8 (SAMP8) [40] suggest the possibility that the three mammalian MutT-type enzymes contribute to the suppression of neurodegeneration and aging.
Recently, a physical interaction between MTH2 and PCNA was reported [41] . The knock-down of MTH2 significantly promoted the degradation of PCNA, and UV irradiation accelerated PCNA degradation by inducing the dissociation of PCNA-MTH2. Moreover, the knock-down of MTH2 inhibited DNA synthesis and enhanced cell cycle progression.
However, judging by the numbers of colonies on the titer plates, which semi-quantitatively reflected the amounts of plasmid DNA replicated in the cells, no obvious effect of the MTH2 knock-down was observed (data not shown). However, the numbers of E. coli colonies are affected by the electroporation efficiency, and further studies will be required to clarify the effects of the MTH2 knock-down.
E. coli cells contain three MutT-type proteins (MutT, Orf135, and Orf17) that catalyze the hydrolysis of 8-OH-dGTP in vitro [13] [14] [15] . When 8-OH-dGTP was introduced into E. coli strains lacking MutT or Orf135, and a strain expressing the antisense RNA for Orf17, a phenotype was observed only for mutT cells [18, 19, 42] . Thus, MutT is the major enzyme for specific 8-OH-dGTP degradation in E. coli, and Orf135 and Orf17 back up MutT. In contrast, the three MutT-type proteins act to similar degrees in human cells, at least in 293T cells. This could be the reason for the weak mutator phenotype of mouse cell lines deficient in MTH1 [43] .
In conclusion, this study demonstrated that the knock-downs of Table 2 Mutations observed upon dGTP treatment in cells with knocked-down nucleotide pool sanitization enzymes
